Graphene is an attractive material for nanomechanical devices because it allows for exceptional properties, such as high frequencies and quality factors, and low mass. An outstanding challenge, however, has been to obtain large coupling between the motion and external systems for efficient readout and manipulation. Here, we report on a novel approach, in which we capacitively couple a high-Q graphene mechanical resonator (Q ∼ 10 5 ) to a superconducting microwave cavity. The initial devices exhibit a large single-photon coupling of ∼ 10 Hz. Remarkably, the large capacitive coupling also enables strong tuning of the graphene equilibrium position, renormalization of the single-photon coupling, and softening of the mechanical resonance frequency. We also observe a Duffing nonlinearity whose sign and magnitude can be controlled via a constant voltage applied to the graphene. With realistic improvements, it should be possible to enter the regime of quantum optomechanics.
a reliable method to reduce the separation between the graphene membrane and the cavity by tightly clamping the graphene sheet inbetween a support electrode and a cross-linked Polymethyl methacrylate (PMMA) structure. This technique allows us to improve the mechanical stability and to achieve high mechanical quality factors. By pumping the cavity on a motional sideband, we are able to sensitively readout the graphene motion. Importantly, by applying a constant voltage V DC g to the graphene, the properties of the optomechanical device can be dramatically tuned. Namely, large static forces can be produced, allowing to tune the steady-state displacement, the mechanical resonance frequency, the optomechanical coupling, and the mechanical nonlinearities.
Our device (see Fig. 1 ) consists of a superconducting microwave cavity, modeled as a LCcircuit with angular frequency ω c = 1/ √ LC tot . The total capacitance C tot = C +C ext +C m (z)
effectively consists of a cavity capacitance C, a contribution C ext from the external feedline, and importantly, a contribution C m (z) that depends on the graphene position z, which arises from the graphene acting as a moving capacitor plate. A small displacement z therefore produces a shift in ω c quantified by the optomechanical coupling G 0 = ∂ωc ∂z
. As a result, the interaction between the mechanical resonator and the superconducting cavity can be described by the Hamiltonian H int =hG 0 n p z [12] with n p the number of pump photons in the cavity. The characteristic coupling at the level of the zero-point motion z zp = h/2m eff ω m is given by the so-called single-photon coupling g 0 = G 0 z zp , with m eff the effective mass and ω m /2π the resonance frequency of the mechanical mode of interest. Central to this work is (i) that the low mass of graphene boosts z zp and thus g 0 , and (ii) that C m and g 0 can be tuned electrostatically with V DC g . We start with engineering considerations in order to maximize the coupling g 0 . When describing C m by a plate capacitor and noting that C C ext C m (z) in our device, we
Here A is the area of the suspended graphene region and d is the separation between the graphene membrane and its cavity counter electrode.
In order to optimize the coupling g 0 , it is crucial to minimize both C and d. To this end, we utilize a narrow cavity conductor structured in a meander to increase L, while minimizing the capacitance to the ground for a given ω c . In order to be able to tune d with V DC g , we use a cavity that is shorted to ground on one side, allowing for a well defined electrical DC potential. The fundamental mode of the cavity is a quarter wavelength standing wave, with a voltage node at the shorted end and the largest voltage oscillation amplitudes at the open end. The graphene membrane is coupled close to the open end of the cavity to harness the largest cavity fields (see Fig. 1b,c) [23, 28, 29] . Using this geometry, we achive a cavity capacitance of C ≈ 90 fF. This compares favorably with C = 18 fF-1 pF in previous studies [12, [23] [24] [25] [26] [27] . Note that the lowest values for C have been achieved in closed-loop cavities, where the mechanical capacitance is incorporated between the two ends of a halfwavelength cavity [12, 26] . In this geometry the two electrodes of the mechanical capacitance are shorted over the cavity, so that no static DC potential can be applied. Compared to the capacitance of a gated half-wavelength cavities [30] [31] [32] , the capacitance of a quarter wavelength cavity is lowered by a factor of two.
We use a graphene resonator with a circular shape. This geometry improves the attachment of the graphene sheet to its support when compared to the doubly-clamped resonator geometry. As further discussed below, a strong attachment of the graphene to its support is crucial to be able to lower d. Another advantage of circular graphene resonators over doubly-clamped resonators is that the quality factor tends to be larger [33] . In addition, the mechanical eigenmodes of circular resonators are well defined [33, 34] . In particular, it avoids the formation of modes localized at the edges, which were observed in doubly-clamped resonators [35] .
To fabricate the devices, we start by carving out the superconducting cavity structure from a 200 nm thick sputtered Niobium (Nb) film by ion milling and reactive ion etching (see SI). We employ a PMMA supported transfer technique pioneered at Columbia [36] to position graphene flakes on the superconducting cavity structure. For this, we exfoliate graphene sheets from large graphite crystals onto a silicon (Si) chip covered by a polymer film consisting of 100 nm polyvinyl alcohol (PVA) and 200 nm PMMA 495K. The thickness of the PVA/PMMA film is optimized to give the largest optical contrast of graphene flakes in an optical microscope. In particular, it allows to calibrate the number of layers of the graphene flake [37, 38] . The solvability of PVA in water is used to separate the Si chip from the PMMA with the graphene. Using a brass slide with a volcano-shaped hole, the membrane is fished from the water and dryed on a hotplate. When drying, the PMMA membrane gets uniformely stretched across the volcano hole. By mounting the slide upside down into a micromanipulator, the graphene sheet can be aligned and transferred onto the pre-patterned superconducting cavity structure, as illustrated in Fig. 2a . To improve the attachment of the graphene flake to its support, it was shown that it is important to clamp the graphene membrane on the two sides of its surface [39] . For this, we crosslink part of the transferred PMMA with a 10 000 µC/cm 2 electron beam dose (Fig. 2b) . The unexposed PMMA is removed in 80
• C hot N-Methyl-2-pyrrolidone (NMP), followed by critical point drying of the device. As a result, the graphene is firmly sandwiched between the support electrode and the crosslinked PMMA (Fig. 2c,d ). Using this technique the graphene sheet is less likely to collapse against its counter electrode. This allows to increase the success yield of the device fabrication. We have succesfully lowered the separation to d = 85 nm for a 3.5 µm diameter graphene resonator, which is equal to the best diameter-separation ratio of 2R/d = 40 reported so far for graphene resonators [40] . In addition, the strong attachment between the graphene and its support allows us to electrostatically tune the equilibrium position by a large amount (see below).
In this letter we present results measured at 30 mK for two different graphene devices, The transmission line is used to pump the superconducting cavity at frequency ω p /2π with input power P p,in . The transmission line is also employed to measure the output power P out of the cavity at the frequency ω c /2π. P out is amplified by a high-electron-mobility transistor (HEMT) at 4 K and measured in a spectrum analyzer (see schematic in Fig. 1d ). The principle of the vibration readout is analogous to Stokes and anti-Stokes Raman scattering.
By pumping the cavity at ω p , sidebands in energy are created at ω p ± ω m due to the coupling of the photons with the mechanical motion. If the pump is detuned such that the upper sideband frequency is matched with the cavity resonance frequency ω c = ω p + ω m (see at a frequency ω d /2π close to ω m /2π so that ω d = ω c − ω p . As a result, the graphene resonator vibrates at z(t) =ẑ cos (ω d t + φ) with φ the phase difference between the displacement and the driving force. The output power at ω c is
From a transmission measurement of the feedline we readily get the resonance frequency of the cavity ω c /2π = 6.728 GHz and the total linewidth κ/2π = κ ext /2π + κ int /2π = 15 MHz with κ ext /2π = 2 MHz the coupling rate of the superconducting cavity to the feedline and κ int /2π = 13 MHz the internal loss rate of the cavity. For device B we have ω c /2π = 6.69 GHz, κ/2π = 17 MHz, κ int /2π = 15 MHz, κ ext /2π = 2 MHz. A and B; modes at higher frequencies are observed as well, but they are hardly detectable.
For device A we extract the mechanical quality factor Q m = ω m /γ m ≈ 100 000 from the linewidth of the resonance γ m /2π = 575 Hz, which is measured with n p = 8000 photons.
This Q m is comparable to the largest values reported thus far for graphene resonators [41] ,
showing that our fabrication process does provide us with mechanical resonators of excellent quality. In device B we measure a quality factor of Q m = 17 700. We attribute this lower Q m to the fact that the device was imaged in a scanning electron microscope (SEM) before the measurements, where the graphene surface got contaminated by amorphous carbon.
The resonance frequency decreases upon increasing |V DC g | (see Fig. 3c,d ). This reduction of the resonance frequency has been observed previously in graphene resonators under tension [41] [42] [43] . This softening of the resonator is attributed to the change of the restoring potential of the resonator by the capacitive energy [41] [42] [43] [44] . We model the mechanical resonator with a circular membrane under tension [45] to quantify the observed dependence.
When neglecting static deflection, the frequency dependence is given by
with the strain in the graphene sheet, E ≈ 1 TPa the Youngs modulus of graphite, h = n g ×0.34 nm the graphene thickness, n g the number of graphene layers [3, 42] and m eff = 0.27πR 2 ρ 2D the effective mass of the fundamental mode (see SI). The two dimensional mass density ρ 2D = ηn g ρ graphene includes the graphene mass density ρ graphene = 7.6×10 −19 kg/µm 2 and a correction factor η ≥ 1 to account for contamination on the graphene surface. From a fit of Eq. (2) to the measurements around V DC g = 0 (in Fig. 3c,d ), we extract m eff = −18 kg and = 0.036% for device A, and m eff = 36 · 10 −18 kg and = 0.024% for device B. The obtained mass is η = 2.2 times larger than the total graphene mass for device A and η = 4.5 times larger for device B. The larger η for device B might be attributed to the amorphous carbon deposited during SEM inspection. The tension is intermediate compared to previous measurements, where ranges from 0.002% to 1% [3, 33, 41, 46] .
In order to account for the variation of ω m for large V DC g in Fig. 3c,d , the static deflection of the graphene sheet towards the cavity counter electrode has to be considered. The static displacement of the center of the membrane z s is given by
for small displacement compared to d. Although the renormalization of the mechanical frequency due to static displacement cannot be solved exactly, as an approximation we can include z s in Eq. (2) The softening of the graphene resonator becomes enormous upon further increasing V DC g , with a reduction of ω m by a factor of three down to ≈ 10 MHz as shown in Fig. 4b for device B. This reduction of ω m is large compared to that measured in previous works [42] [43] [44] . Even though further work is needed to understand this dependence, it reveals that the graphene resonators we fabricate can bend by a large amount without being riped apart due to the large induced strain and without sliding with respect to the anchor electrodes.
Our device layout allows us to get large couplings g 0 between the mechanical resonator and the superconducting cavity (Fig. 3e,f) . We extract g 0 from the measurements of the response of driven vibrations at ω d = ω m using Eq. (1) where
Remarkably, g 0 gets larger upon increasing |V DC g | for device A. This tunability of g 0 is attributed to the static deflection of the graphene sheet. When incorporating the effect of the static displacement into C m , we get a good agreement between the expected g 0 = ω c /(2C) · ∂ z C m and the measurements, using C = 75 fF and 100 fF for devices A and B, respectively (red lines in Fig. 3e,f) . These values of C agree well with C = 90 fF estimated from simulations. The obtained coupling rates g 0 compare favourably with previous experiments carried out with mechanical resonators made from other materials. Indeed, the coupling was g 0 /2π ∼ 1 Hz in works with cavity geometries similar to ours [25, 27, 47] . Larger values were achieved with closed-loop cavities (g 0 /2π = 40 and 210 Hz) but this geometry does not allow to apply V DC g between the mechanical resonator and a counter electrode as discussed above [12, 26] . Now, we investigate how the strong tunability of the graphene equilibrium position affects the nonlinear response of the mechanical resonator. For this, we measure the displacement as a function of ω d for large driving forces at different V DC g . Interestingly, we are able to tune the sign of the Duffing nonlinearity from a hardening behavior at low V DC g (Fig. 5a) to a softening behavior at high V DC g (Fig. 5c) . At an intermediate V DC g of about 3.4 V, we are able to cancel the Duffing nonlinearity, that is, the resonant frequency remains roughly constant upon varying the driving force (Fig. 5b) . We quantify the Duffing nonlinearity from the critical displacement amplitudeẑ crit above which the response gets bistable. For a Duffing resonator with linear damping, the effective Duffing constant α eff is related tô [48] . Figure 5d shows that α eff is positive at low V (red line in Fig. 5d ). This value of c s is consistent with that expected from Eq. (3). The sign change of the Duffing nonlinearity due to static deformation is a unique property of graphene and nanotube resonators [50] .
The prospects to reach the quantum regime with graphene resonators are promising.
For this, it is illustrative to compare the figures of merit achieved here to those reported by
Teufel et al. [12] , which allowed to demonstrate ground-state cooling with a superconducting cavity. In the device A of our work, we measure g 0 /2π ≈ 15 Hz, n p = 8000, Q m = 100 000 on the graphene electrodes. Indeed, we measure much smaller losses in a cavity where no transfer is performed and the graphene electrodes are grounded (κ int /2π ≈ 200 kHz). Here, more work is needed to improve κ int . In order to increase g 0 , we will reduce d further by fabrication and graphene pulling. We should reach g 0 /2π ≈ 250 Hz with d = 30 nm. An alternative route to increase g 0 is to enhance the coupling using a cooper-pair box [51, 52] .
In conclusion, we have reported devices where a graphene resonator is coupled to a superconducting cavity. The tunability of these devices, in combination with the large graphenecavity coupling, constitutes a promising approach to study quantum motion. The large reduction of the resonance frequency of the graphene resonator observed here is interesting to enhance the zero-point motion and to increase the effect of mechanical nonlinearities [53] [54] [55] .
The tunability of the resonance frequency with V DC g is suitable for parametric amplification and quantum squeezing of mechanical states [56] . In these graphene-cavity devices, the opto-mechanical coupling can be varied not only with the number of photons but also with V DC g . Because the mass of graphene is ultra-low, its motion is extremely sensitive to changes in the environment. It will be interesting to couple the quantum vibrations of motion to other degrees of freedom, such as electrons and spins. The onset of bistability is determined to be atẑ crit = 360 pm for (a) and atẑ crit = 900 pm for (c). 
